Antibodies to influenza virus neuraminidase (NA) contribute to immunity to the disease (7, 14, 21, 24, 25) , and it is important to find a useful method for their assay. All techniques previously tried or developed in this laboratory possess some disadvantages (5, K. A. Callow, membership thesis, Institute of Biology, London, England, 1976). Neuraminidase inhibition (NI) (1) , which depends on the inhibition of enzyme activity, is time consuming and less reproducible than other methods. Whereas this method is specific and fairly sensitive to low levels of antibody, some reports suggest a lack of sensitivity (13, 17, 18, 20) . Single radial immunodiffusion (22) , although more reproducible and more convenient to use than NI, is less specific and less sensitive and requires large amounts of purified virus. Single radial hemolysis (SRH) (5) uses only small amounts of crude virus antigen adsorbed to erythrocytes; otherwise, it is comparable to single radial immunodiffusion, except that it does not work reliably with all virus strains, probably because of differences in their ability to attach to erythrocytes (6) . Nevertheless, all these methods detected similar antibody rises in sera from volunteers inoculated with A/Hong Kong/68 (H3N2) virus, using a recombinant (H7N2) possessing the Hong Kong NA and hemagglutinin (HA) from an equine influenza virus (5) .
Recently, indirect enzyme-linked immunosorbent assays (ELISAs) have been used successfully for the measurement of influenza antibodies. Whole virus has been used to coat the solid phase, and serum titers have been compared with those obtained by hemagglutination inhibition (HI) (2, 3, 9, 10, 17, 18) or NI (17, 18) .
ELISA proved more sensitive than either method, but may detect antibodies to cross-reacting internal components (10) , as well as to both surface antigens. Murphy et al. (15, 16) have successfully measured surface antigen-specific antibodies by using isolated HA as a coating antigen, whereas Khan et al. (12) have more recently used partially purified NA, as well as recombinants with irrelevant HAs.
In this study, specific absorptions of rabbit hyperimmune sera were used, firstly, to assess the contribution of NA antibodies to ELISA reactions with whole, homologous virus and, secondly, to investigate the subtype specificity of ELISA for assay of NA antibodies, using recombinants with irrelevant HAs. Finally, with a recombinant, ELISA results were compared with those obtained by NI and SRH on paired volunteer sera studied previously (5 Sera. Hyperimmune sera were prepared in rabbits as previously described (5) . Ten pairs of sera were obtained from volunteers at the Common Cold Unit in 1968 to 1969 and who had been inoculated with attenuated A/Hong Kong/68. These volunteers formed part of a larger group studied previously (5) .
HI tests. HI tests were performed by standard techniques; a fourfold increase in titer was considered to be a significant antibody rise.
NI and SRH. These tests were performed as described previously with the recombinant X-15 HK (6), except that in the present study SRH values are reported as zone areas, instead of diameters.
ELISA. The ELISA method used was based on that of Voller et al. (27) . Optimal dilutions of the reagents were obtained by checkerboard titrations. The plates were washed three times between each step with phosphate-buffered saline (pH 7.2), containing 0.05% Tween 20 (Tween-PBS) 200-R,l volumes were used throughout. Virus-infected allantoic fluids were diluted with uninfected allantoic fluid to an HA titer of 240 and then diluted 10-fold in carbonate-bicarbonate buffer (pH 9.6), containing 0.02% NaN3. Uninfected allantoic fluid (UAF) was diluted 10-fold in buffer for control plates. These preparations were used to coat micro-ELISA plates (Dynatech Labs, Billingshurst, Sussex) at 4°C for at least Absorption of sera. Infected allantoic fluids were centrifuged at 50,000 x g for 1.5 h, and pellets were suspended in 1/10th of the volume of 10o serum-PBS. This amount of virus was usually in excess of that required to remove all significant antibodies from homologous rabbit antiserum, as measured by ELISA against the homologous virus. If necessary, absorptions were repeated until no further reduction in the titer occurred. As a control, sera were also absorbed with pelleted UAF.
RESULTS
Titration of rabbit hyperimmune sera against homologous virus. A plot of the ODs produced by rabbit serum raised against A/New Jersey/876 (HiN1) and reacted with homologous virus is shown in Fig. 1 that antibodies to the internal components were involved. Since a weak reaction was observed with boiled, disrupted virus, some of these antibodies may exist to matrix protein; the majority, however, were probably nucleoprotein antibodies (19; data not shown).
Another portion of HlNl antiserum was then absorbed with an H7N1 recombinant, CDC-8, which shQuld remove NA antibodies, and reacted with HlNl virus (Fig. 1) . This absorption only reduced the titer from 85,000 (plot A) to 56,000 (plot C), whereas absorption with an H1N7 recombinant, NJ-Eq, to remove HA antibodies, but not NA antibodies, reduced the titer to 1,500 (plot D). Absorption with homologous virus (plot E), which should remove NA antibodies in addition, reduced the titer to 350. Thus, the difference between plots B and C is comparable to the difference between plots D and E and reflects the small contribution of NA antibodies to the whole-virus ELISA reaction. Likewise, the difference between plots C and E is comparable to the difference between plots B and D and represents the much larger contribution of HA antibodies.
Specificity of ELISA for detecting NA antibodies in rabbit hyperimmune sera by using recombinants. Sera raised in rabbits against A/New Jersey/8/76 (HiN1) and A/Hong Kong/1/68 (H3N2) were reacted in plates coated with the recombinants CDC-8 (H7N1) and X-15 HK (H7N2) to detect homologous and heterologous NA antibodies (Table 1 ). An asymetrical crossreaction was observed between these two strains which was almost completely removed by absorption with heterologous virus possessing the NA of the cross-reacting detector virus. (Table 2) which was not statistically significant (r = 0.52, P > 0.1 and r = 0.59, P > 0.05, respectively). However, all infected volunteers showed significant rises by both ELISA and NI, whereas SRH appeared to show one false negative (no. 5).
The ELISA reactions of these sera with the infecting Hong Kong virus were also measured and compared with HI titers (Table 3 ). The ODs were considerably higher than those obtained with the recombinant, whereas the correlation between ELISA ODs and HI titers was highly significant (r = 0.80, P < 0.01). Significant rises were shown by both methods in all infected volunteers.
Determination of a negative base-line value for human sera. By NI, SRH and HI, there were always some pre-inoculation sera in which no antibody could be detected, whereas by ELISA, these sera gave higher readings in wells coated with virus than in those coated with UAF (Tables 2 and 3). To determine a negative base-line value, a human serum taken in 1957 (before the emergence of the H2N2 strain) was tested by ELISA. At a dilution of 1/200, this serum gave an OD of 0.12 with the recombinant possessing N2 NA and an OD of 0.2 with H3N2 virus, but Tables 2 and  3 .
b NT, Not tested.
these values were much lower than those observed with HlNl immune rabbit sera against these viruses. With this baseline, only two preinfection sera had significant NA antibodies (i.e., ODs significantly greater than 0.12) by ELISA, and the other methods detected antibody in these sera also. Most of the remaining sera produced ODs near the base-line value, whereas preinfection sera showed significant antibody to the H3N2 virus by ELISA (i.e., ODs were .0.2), which was not detectable by HI. When the value of 0.12 was used as a base-line, the intercepts of the plots of the paired sera (Fig. 2) gave titers of 320 and 2,000, respectively. The titer of the postinfection serum was much higher than that normally measured in human sera by NI; the highest titer recorded by NI in the postinfection sera studied here was 132 (volunteer no. 4) (K. A. Callow, thesis). Specificity of ELISA for anti-N2 in human sera. Since it appeared that there was some crossreaction between NA subtypes by ELISA, seven of the pairs of sera were reacted with a recombinant possessing Ni, CDC-8 (H7N1), which was previously used successfully for recording anti-NA rises by NI and SRH in vaccinees given A/New Jersey/8/76 (HlNl) (6) . At a dilution of 1/200, very low ODs were obtained; all were below the base-line value, as were the ODs when these sera were reacted in plates containing HlNl virus (data not shown).
Some of the pairs of sera were further analyzed by determining the rise of N2 antibody after absorbing them with the recombinant CDC-8 (H7N1). This should remove any crossreacting anti-Ni or H7 antibodies in the sera as well as antibodies to the internal components, all of which might contribute to the anti-N2 readings with H7N2. Antibody rises were greater in two cases after absorption with the recombinant compared with those obtained after absorption with UAF (Table 4) , but this effect was not statistically significant (P > 0.05). ELISA ODs were reduced by absorption with the recombinant, the mean reduction being 0.03 OD units (data not shown). Although this reduction was statistically significant (P < 0.001, paired sample t-test), it represented only 15% of the mean OD after absorption with UAF, suggesting a minimal contribution of cross-reacting antibodies to the anti-N2 assay. Furthermore, by reaction with the avian virus (H10N7), it was shown that ELISA detected only insignificant amounts of antibody to the internal components in one of the postinfection sera (no. 9) (data not shown).
DISCUSSION
Although influenza virus NA antibodies are considered to have a weaker antiviral effect than HA antibodies (11, 24) , they do contribute to protection (7, 14, 21, 24, 25) . Therefore, it is important to find a rapid, sensitive, and specific method for their assay, and ELISA promised to be useful for this purpose, by using recombinants with relevant NAs and irrelevant HAs.
Although the reaction of NA antibodies by ELISA was less than that of antibodies to the whole virus (Tables 2 and 3) or to the HA (Fig.  1 When ELISA was compared with two other methods, NI and SRH, for the assay of N2 antibodies in human sera, it was at least as sensitive to antibody rises as were these tests ( Table 2) . Although the sensitivity to low levels of antibody was similar to that of NI and SRH, titrations of one serum pair (Fig. 2) indicated that ELISA titers would generally be much higher than NI titers. Also, the slopes of these curves indicated that small but highly reproducible differences in OD reflected a relatively large rise in titer after infection (see above). This agrees with other reports that ELISA is more sensitive than NI (17, 18) .
ELISA was found to be highly specific when assaying human sera, perhaps because it ap- peared that human sera may usually contain much less antibody to internal components than hyperimmune rabbit sera. By specific absorption of some of the sera, it was shown that the antibody rises which had been detected with H7N2 were truly directed at N2 (Table 4 ) and no significant reaction of the paired sera occurred with the Ni subtype, as either the H7N1 recombinant or wild-type HlNl virus. This supports other reports (2, 3, 9) but contrasts with that of Hammond et al. (10) who showed antibody rises by ELISA to HlNl virus, which were not corroborated by HI, in children naturally infected with an H3N2 strain. They concluded that this was due to antibodies to the internal antigens.
From values obtained in replicate tests, ELISA appeared to be more reproducible than NI, although less reproducible than SRH. It was also very convenient to use, required only crude virus, and was relatively free from interference by antibody-to-host antigens. The correlation of ELISA with NI and SRH values ( Table 2) was not as high as that between ELISA and HI (Table 3) , but since all these methods depend on different mechanisms there may be no inherent reason why they should give the same results. Khan et al. (12) found no positive correlation between ELISA and NI, and they suggest that antibodies detected by NI may not represent the complete population of NA antibodies because protection has been noted in the absence of these antibodies (16, 20) .
The good correlation found between ELISA and HI titers, which agrees with previous reports (3, 16) , may be explained by the relatively large contribution of HA antibodies to the whole-virus ELISA reaction (Fig. 1) . Furthermore, because antibodies to the internal components appeared to contribute very little to this reaction in comparison with HA antibodies, it is not surprising that recombinants in which only the HA is irrelevent proved satisfactory for the assay of NA antibodies. Although the number of serotypes and specimens investigated in this study was small, the factors which might influence NA antibody ELISA tests were examined in depth. With this rapid and convenient technique and with recombinants having specific NAs, large scale surveys of NA antibody levels can be undertaken.
